BRICHOS domains are encoded in >30 human genes, which are associated with cancer, neurodegeneration, and interstitial lung disease (ILD). The BRICHOS domain from lung surfactant protein C proprotein (proSP-C) is required for membrane insertion of SP-C and has anti-amyloid activity in vitro. Here, we report the 2.1 Å crystal structure of the human proSP-C BRICHOS domain, which, together with molecular dynamics simulations and hydrogendeuterium exchange mass spectrometry, reveals how BRICHOS domains may mediate chaperone activity. Observation of amyloid deposits composed of mature SP-C in lung tissue samples from ILD patients with mutations in the BRICHOS domain or in its peptidebinding linker region supports the in vivo relevance of the proposed mechanism. The results indicate that ILD mutations interfering with proSP-C BRICHOS activity cause amyloid disease secondary to intramolecular chaperone malfunction.
interstitial lung disease | SFTPC mutations | β-sheet aggregates | transmembrane segment | discordant helix S urfactant protein C (SP-C) is produced in the alveolar type II cell from an endoplasmic reticulum (ER) integral membrane protein precursor. Surfactant protein C proprotein (proSP-C) contains four regions; a short N-terminal segment (residues 1-23) facing the cytosol and important for intracellular trafficking, a transmembrane (TM) region constituting the main part of mature SP-C (residues 24-58) eventually secreted with phospholipids into the alveoli, a linker region (residues 59-89), and a BRICHOS domain (residues 90-197), defined from the structure presented here and localized to the ER lumen (1) (Fig. 1A) . We refer to the linker region plus the BRICHOS domain as the C-terminal part of proSP-C (CTC). Maturation of proSP-C involves proteolytic processing in several steps at different intracellular locations, following insertion of the SP-C part as a TM helix (2) . Mature SP-C (PDB ID 1spf) (3) adopts a TM helical conformation, but its valine-rich sequence (Fig. 1A) is far from optimal for TM helix formation. In model TM segments, poly-Leu variants insert into the ER membrane in a helical conformation, while poly-Val variants get trapped in an extended conformation, suggesting that helix propensities influence the ability to insert into the ER membrane (4). Consistent with this hypothesis, engineered SP-C with a poly-Leu repeat rather than the native poly-Val variant yields a stable TM helix, whereas wild-type (WT) SP-C is metastable and forms β-sheet aggregates and amyloid-like fibrils in vitro (5) . The reason for using such a discordant sequence for a segment destined to end up as a TM helix is not known, but this sequence is highly conserved throughout proSP-Cs (6).
Since the first identification of an interstitial lung disease (ILD)-associated mutation (7) in the proSP-C gene (SFTPC), several additional mutations have been described. More than 50 SFTPC mutations, about half of which are previously not described, are summarized in SI Appendix, Table S1 . The vast majority of these mutations are located in the linker and BRICHOS domains, with the linker mutation I73T being the most prevalent (8) . The BRICHOS domain consists of approximately 100 amino acids and was initially identified from sequence alignments of Bri related to familial British and Danish dementia, chondromodulin associated with chondrosarcoma, and proSP-C associated with ILD or respiratory distress syndrome (9) . The BRICHOS domain has thus far been found as a constituent of 12 otherwise different protein families associated with degenerative and proliferative disease. Only two Cys residues and one Asp residue are strictly conserved in all BRICHOS domains (6) .
The proSP-C BRICHOS domain has been suggested to act as a chaperone that targets the SP-C region of proSP-C and prevents its aggregation while assisting its safe membrane insertion as a TM helix (10) . Transgenic expression of proSP-C with two different BRICHOS mutations linked to ILD in a mammalian cell line generates Congo red positive inclusions and abundant aggregates of proSP-C, while expression of the I73T mutation only gave rise to low amounts of aggregated proSP-C (11). In vitro data thus support the notion that the ILD-associated mutations could give rise to SP-C amyloid formation, but there are no earlier reports of amyloid found in ILD. In this study, we determined the crystal structure of the BRICHOS domain of human proSP-C, analyzed BRICHOS-peptide interactions using hydrogen deuterium exchange mass spectrometry (HDX-MS), mapped ILD related mutations in SFTPC to the 3D structure, and performed molecular dynamics (MD) simulations of WT and mutant BRICHOS. We further found the presence of amyloid composed of mature SP-C in lung tissues from ILD patients with SFTPC BRICHOS and linker mutations.
Results
Structure of the BRICHOS Domain. Crystals suitable for structure determination were obtained from recombinant CTC subjected to proteolysis with trypsin. The size of the crystallized protein has an average mass of 11,540 Da determined by MS, compatible with a product covering L82-K160 and D168-Y197 (Fig. 1A) . The trypsin treatment of CTC has not significantly altered its critical structured part or its interaction with short substrate peptides, based on circular dichroism spectra and VVV tripeptide binding analyses (SI Appendix, Fig. S1 ).
There are two trimers (SI Appendix, Fig. S2 ) in the asymmetric unit of the crystals (pdbID 2yad). Size-exclusion chromatography and analytical ultracentrifugation show that recombinant CTC mainly forms trimers (12) . However, chemical cross linking of proSP-C expressed in transfected A549 cells suggests that it does not oligomerize (13) and peptide binding experiments show that peptide substrates bind to monomeric BRICHOS domains (14) . Hence, the active form of BRICHOS appears to be the monomer. The fold of the proSP-C BRICHOS domain has not been previously seen and no structural homologs are present in the structure database. The domain encompasses residues 90-197 of proSP-C and has an overall architecture where two α-helices enclose a central five-stranded β-sheet (Fig. 1B) . In the N-terminal half of the domain, four consecutive strands form an anti-parallel β-sheet. A fifth, C-terminal strand is parallel to β4, and the two helices following β1-β4 stretch diagonally across each side of the β-sheet. We use "face A" to denote the face of the β-sheet that packs against helix 1, and "face B" for the face packing against helix 2 (Fig. 1B) . The two helices are amphiphilic, with the hydrophobic side packing against the β-sheet to contribute to the hydrophobic core, and the polar side solvent accessible (α1) or buried in the interface between subunits (α2) (SI Appendix, Fig. S2 ). Residues 149-180 and 82-88, corresponding to the disordered regions defined by HDX-MS of intact CTC (Fig. 1A) and encompassing the proteolyzed 161-167 segment, have little visible electron density in our maps and were not modeled (Fig. 1B) .
BRICHOS β-Sheet Face A Is a Likely Peptide Binding Surface with
Accessibility Regulated by Strictly Conserved Asp105. Conserved residues in the BRICHOS domain of proSP-C were mapped on the crystal structure to identify structurally important positions and potential peptide binding surfaces (Figs. 1A, 2A) . The strictly conserved disulfide bridge between C121 and C189 that links β4 and α2 might be important for stability, and conserved Gly and Pro residues located in loop regions may be important for the fold and for dynamical properties of the domain. The remaining conserved residues in proSP-C BRICHOS are located primarily on face A and B of the β-sheet. Many of the CTC point mutations identified in patients with ILD (SI Appendix, Table S1 ) coincide with strictly conserved amino acid positions (Figs. 1A and 2, SI Appendix, Fig. S3 ).
Many of the hydrophobic core residues in the β-sheet (in particular on face A) are strictly conserved in proSP-C (Figs. 1A and 2A, SI Appendix, Fig. S3 ), while corresponding helix residues show a wider distribution of hydrophobic side chains, as expected for core residues. This pattern suggests that the β-sheet side chains are conserved not because they are strictly required for formation of the hydrophobic core, but because they are involved in some other function, such as peptide binding. Peptide binding would, however, require substantial reorganization of the structure to expose one or both of the β-sheet faces and allow binding.
The aspartic acid residue at position 105 of proSP-C is the only strictly conserved nondisulfide residue in all known BRICHOS sequences, and two mutations of D105 are known to associate with ILD (SI Appendix, Table S1 ). D105 is the first of four conserved residues at the end of strand β2 and beginning of strand β3. The side chain is located in a partially hydrophobic surrounding in contact with the N-terminal end of α2. We investigated the possibility of a structural role for Asp105 by carrying out MD simulations on the WT and the D105N substituted monomer from the crystal structure, in both cases at successively higher temperatures to monitor structural stability. Monomeric WT and D105N behave very differently in the simulations. Whereas there are only minor conformational changes in the mutant, several large-scale changes occur in WT at moderately elevated temperatures. The N-terminal part of α2 unwinds and this region communicates via the β-sheet and two disulfide bridges with α1 and the connecting loop from strand β4, which undergo a conformational change that moves helix 1 out from face A by 5-7 Å (Fig. 3, Movie S1 ). This repositioning is accompanied by many of the hydrophobic core residues on face A becoming solvent accessible ( Fig. 3 ; SI Appendix, Table S2 and Fig. S3B ). More than 500 Å 2 hydrophobic surface area on face A is exposed when α1 moves away from the Green dots, below the sequence, represent strictly conserved residues. Asterisks mark ILD mutations; the black are point mutations, the highlighted red correspond to the Δ91-93 deletion, the highlighted yellow are frameshift mutations, the two red asterisks correspond to start and end points of the Δexon 4 deletion, and the unfilled asterisk corresponds to an 18 base pair insertion. Residues in the trimer interface are labeled with black triangles. Open and filled circles identify residues on face A and B of the β-sheet, respectively. (B) Ribbon diagram representation of one subunit, with secondary structure elements β1-β2-β3-β4-α1-α2-β5 labeled. A dashed line indicates the missing region between helices α1 and α2.
sheet. Hence, the strictly conserved Asp side chain appears to tune the stability of the structure, thereby providing a mechanism for exposing the central β-sheet, and in particular the highly conserved face A, which would make it accessible for binding to peptide substrates as predicted above.
Both the BRICHOS Domain and Linker Region Bind to Substrate Peptides. The BRICHOS mutation Δ91-93 and the linker mutation I73T give rise to ILD and amyloid deposits with similar immunoreactivity (SI Appendix, Table S3 and see further below). This observation indicates that both these mutations result in improper chaperoning of the proSP-C TM segment, but in vitro experiments suggest that BRICHOS and linker mutations can result in different extents of proSP-C aggregation (11) . The first half of the linker region is highly conserved through evolution, but is flexible and lacks ordered secondary structure (Fig. 1A) . In HDX experiments, addition of the substrate peptides (10, 15) KKVVVVVVVKK (V 7 ) or KKVVVVVKK (V 5 ) to CTC had no measurable effect on the deuteration pattern of the BRICHOS domain. However, a part of the linker region (residues 68-71) shows a significant decrease in deuteration in the presence of V 5 or V 7 , while no such effect is observed in a control experiment with the nonsubstrate peptide KKAAAAAAAKK (A 7 ) (Fig. 4) . Correspondingly, V 7 and V 5 , but not A 7 , become protected against HDX in the presence of CTC, but not in the presence of proSP-C BRICHOS alone, which lacks the N-terminal half of the linker region (Fig. 4) . Coincubation of a free peptide corresponding to the linker region and V 7 did not result in any effect on deuteration of any of the peptides. These data indicate that the linker region interacts with peptides bound to proSP-C BRICHOS.
Lung Tissue from ILD Patients with SFTPC Mutations Contain Amyloid
of Mature WT SP-C. Lung tissue obtained at lung transplantation (n ¼ 6) or autopsy (n ¼ 1) of children with end-stage ILD due to a mutation in SFTPC was analyzed histologically for the presence of amyloid, defined by the presence of deposits that stain with Congo red and show green birefringence under polarized light (16) . In order to avoid Congo red staining of nonamyloid, particular care was taken (17) . In all but one ILD case, amyloid deposits with typical amyloid staining properties were identified. The amyloid appeared as small extracellular, irregular deposits mostly interstitially but sometimes in alveolar lumina Table S3 ), the latter then often roundish. Such deposits are not found in healthy tissue. As expected, the amyloid deposits were labeled with antibodies to serum amyloid P component (SAP) (Fig. 5) .
Immunolabeling experiments were performed on three materials with amyloid associated with the linker mutation I73Tor the BRICHOS mutation Δ91-93. Antibodies against mature SP-C labeled alveolar epithelium. In addition there was a diffuse and uneven background staining. Double staining with Congo red was necessary to identify the small amyloid deposits, which for all three cases showed a clear-cut but somewhat uneven immunolabeling (Fig. 5 , SI Appendix, Table S3 ). Control experiments support the presence of mature SP-C in the deposits; (i) preabsorption with peptide corresponding to proSP-C residues 24-41 abolished all immunoreactivity, (ii) antibodies against the N-terminal segment of proSP-C, or against CTC, labeled alveolar epithelium strongly in some areas but the amyloid deposits were completely nonreactive, and (iii) incubation with antibodies against the acute phase serum protein AA, which forms amyloid secondary to chronic inflammatory states, showed no immunoreactivity in any case.
Further support for the notion that WT SP-C can form amyloid comes from in vitro studies showing that incubation of a synthetic peptide corresponding to the first 21 residues of mature SP-C (i.e., proSP-C residues 24-44), results in formation of amyloidlike fibrils, as judged by light microscopy after staining with Congo red (SI Appendix, Fig. S4 ). These results show that ILD due to mutations in CTC can be associated with formation of amyloid, and that the region that forms amyloid deposits is derived from the mature SP-C region, localized outside CTC. We suggest that in ILD due to mutations in CTC, proSP-C fibrils are formed intracellularly, likely in the loosely packed ER membranes, and then processed out of the cell.
Discussion
Available data suggest that CTC acts as a chaperone for the extremely hydrophobic and β-structure-prone TM proSP-C segment (18) . Based on the present results a model for the function of CTC during proSP-C biosynthesis can be suggested (SI Appendix, Fig. S5 ). The BRICHOS domain with the help of the linker region specifically captures peptides representative of the poly-Val TM part of proSP-C, explaining how mutations in the linker region or the BRICHOS domain can be associated with ILD and amyloid formation. The linker region may serve as a substitute β-strand that docks to the BRICHOS-bound proSP-C TM region, forming a β-hairpin structure (Fig. 4) . Such a function of the linker would explain both why proSP-C is the only BRICHOS-containing protein with a highly conserved linker region and the only one with a target region composed of a single β-strand. For the other BRICHOS proteins, the putative target regions are β-hairpins located C-terminally to the domain (6, 18) . β-Hairpin structures have been implicated in the formation of cytotoxic oligomers and fibrils from the amyloid β-peptide (Aβ) associated with Alzheimer's disease (19, 20) . It has been reported that recombinant BRICHOS domains from proSP-C and Bri2 prevent fibril formation of Aβ in vitro (21, 22) , suggesting that BRICHOS may bind β-hairpin intermediates that occur in amyloid formation. The conserved hydrophobic surfaces of the BRICHOS central β-sheet appear well suited for such a function and would parallel the steric chaperones of the chaperone/usher pathway where a hydrophobic platform is used to capture unfolded structures (23) . Chaperones more or less invariably utilize a "capping" mechanism to shield their hydrophobic binding surfaces from solution in the absence of substrate, often by forming homocomplexes that bury these surfaces (24, 25) . MD simulations using both the crystallographic WTand D105N mutant trimer model as starting structures show that none of the movements that occur in the WT monomeric structure can occur in the trimer. The trimer thus stabilizes the subunit in a conformation that blocks the putative binding site, consistent with its role as a chaperone capping mechanism.
This study indicates that mutations in a domain with chaperone function, rather than in the amyloid material itself, can cause amyloid formation of its substrate, and disease in humans. Molecular chaperones have been implicated as potent antagonists of protein misfolding diseases, including amyloidoses (26, 27) , but improper chaperone function directly resulting in amyloid disease have not been described. Our findings are potentially important as they suggest that many proteins and peptides so far only known to form fibrils in vitro may do so in vivo, and that more diseases than previously suspected may be related to amyloid formation. The deposits now found in ILD tissue were small and scarce, explaining why they have previously escaped detection.
Experimental Procedures
Protein Production and Structure Analysis. For WT CTC, a region from nucleotide 175 (His59) to nucleotide 591 (Ile197) of the proSP-C cDNA sequence was amplified from human lung cDNA. ProSP-C BRICHOS (residues 86-197) was created from CTC and expression and purification were performed essentially as described (15, 28) .
The electron density maps resulting from MAD (multiple anomalous dispersion) phasing based on 18 selenium sites allowed us to model all residues in the proSP-C BRICHOS domain except residues 152-179, located between α1 and α2 and encom- protein residues with alternative conformations. All of the modeled chains can be pairwise superimposed with rmsd of 0.6 AE 0.1 Å for 76 superimposed Cα atoms. All residues are within the allowed regions of the Ramachandran plot.
See SI Appendix for details about protein production, crystal structure determination, MD and HDX-MS.
Histological Examination of Lung Tissue and Fibrils. Lung tissue sections of 10 μm thick were deparaffinized, stained with Congo red, and examined for amyloid in a polarization microscope. Sections from all the materials containing amyloid deposits were immunolabelled with rabbit antiserum against mature SP-C, N-terminal propeptide segment, CTC, or human SAP as described (29) . The very pronounced chronic inflammation may raise the question whether observed amyloid deposits could be of AA origin and therefore other sections were immunolabelled with antibodies against protein AA. After development with 2,2′-diaminobenzidine tetrahydrochloride, the immunolabelled sections were stained with Congo red (30) for the simultaneous detection of amyloid and immunoreactivity.
A synthetic peptide, residues 24-44 of human proSP-C, was incubated for 7 d at 200 μM in 10% formic acid at 37°C with shaking. Droplets (0.8 microliter) were applied to microscopical slides, air dried, and stained with Congo red B (30) . After mounting under cover slips, the materials were examined in a polarization microscope for Congophilia and green birefringence.
